Abstract Emerging work has suggested the existence of phytohormones in seaweeds, although chemical species, endogenous biosynthetic pathways, and signal transduction machineries remain poorly understood. We performed profiling of nine phytohormones with liquid chromatography-mass spectrometry and in silico genome-wide homology search to identify genes involved in biosynthesis and signal transduction of hormones in red algae. It was demonstrated that two Bangiophycean algae, Bangia fuscopurpurea and Pyropia yezoensis, possessed indoleacetic acid (IAA), N 6 -(Δ 2 -isopentenyl)adenine (iP), abscisic acid (ABA), and salicylic acid, although trans-zeatin, dihydrozeatin, gibberellin A 1 and A 4 , and jasmonate were not detected. Results of genome-wide survey demonstrated that Bangiophycean algae produce iP and ABA via pathways similar to those in terrestrial plants. However, these seaweeds lack homologues of already known factors participating in perception and signal transduction of IAA, iP, ABA and SA, indicating that the action modes of these phytohormones in red seaweeds differ from those elucidated in terrestrial plants. These findings shed lights on evolutional divergence of signal transduction pathways of phytohormones in plants.
Introduction
Substantial previous work has identified ten classes of plant hormones: auxin, cytokinins, abscisic acid (ABA), gibberellins (GAs), salicylic acid (SA), jasmonates (JAs), brassinosteroids, strigolactones, nitric oxide, and peptide hormones, and the biological functions of these phytohormones in growth, development, and environmental stress response have been extensively studied (Weyers and Paterson 2001; Vanstraelen and Benková 2012) . The biosynthetic pathways and action modes of phytohormones have been studied mainly in the green lineage, where the functional involvement of these hormones in various physiological aspects has been analyzed based on genome-wide comparisons of genes involved in hormone biosynthesis and actions (Johri 2008; Lau et al. 2009; Takezawa et al. 2011; De Smet et al. 2011; Yue et al. 2014; Wang et al. 2015) . Of marine plants, brown seaweeds are on the frontiers of phytohormone research. For instance, auxin functions in early embryo development and regulating the branching pattern of sporophytes (Basu et al. 2002; Le Bail et al. 2010) , and comparative genomic surveys have identified factors involved in biosynthesis and signal transduction of phytohormones (Le Bail et al. 2010; Kiseleva et al. 2012) .
Little is known about the presence and physiological functions of hormones in red seaweeds to date. Primary photosynthetic eukaryotes like red algae and green plants (including Electronic supplementary material The online version of this article (doi:10.1007/s10811-015-0759-2) contains supplementary material, which is available to authorized users. green algae and land plants) belong to the Archaeplastida, whereas secondary photosynthetic eukaryotes like brown seaweeds belong to the Heterokonta (also called Stramenopiles), which diverged by the secondary endosymbiosis of an ancestral red alga (Le Corguillé et al. 2009; Nozaki et al. 2009; Dorrell and Smith 2011) . Red algae therefore are supposed to possess ancestral features of photosynthetic eukaryotes. Accordingly, identification and quantitative measurement of plant hormones in red seaweeds will provide fundamentally valuable information to help our understanding of the evolutionary origin and function of phytohormones in the Archaeplastida.
Phytohormones consist of structurally and characteristically unrelated small compounds. Since they usually exist only in trace amounts in plants, separation and quantification of phytohormones can be technically difficult. Biological chemists have therefore developed high-sensitivity methods for comprehensive analysis of plant hormones, such as liquid chromatography-electrospray ionization-tandem mass spectroscopy (LC-ESI-MS/MS) (Izumi et al. 2009; Kojima et al. 2009; Kanno et al. 2010; Tokuda et al. 2013 ) that successfully provided new information about quantitative changes in plant hormone contents during the development of terrestrial plants (Kanno et al. 2010; Tokuda et al. 2013) .
Presence of phytohormones and their significance in seaweeds have been implied. Historically, seaweed extractcontaining manures have widely been employed in industrial applications to promote plant growth (see Khan et al. 2009; Craigie 2011) , and analysis of the active ingredients in these manures identified phytohormones, i.e., auxin, cytokinins, ABA, and GAs (Sanderson et al. 1987; Tay et al. 1985; Stirk et al. 2014) . Conversely, the functional significance of phytohormones in seaweed growth has been examined by exogenous application to seaweeds (for instance, Davidson 1950; Yokoya and Handro 1996; Lin and Stekoll 2007) ; however, these types of experiments have not provided direct and sufficient evidence to ascertain the presence and endogenous production of plant hormones in seaweeds in vivo. Many efforts have been made to detect and quantify phytohormones in seaweeds by applying methods established for terrestrial plants, such as gas chromatography-mass spectrogram (GC-MS), LC-MS, and high-performance liquid chromatography-MS (Jacobs et al. 1985; Sanderson et al. 1987; Zhang et al. 1993; Ashen et al. 1999; Stirk et al. 2004; Stirk et al. 2009; Gupta et al. 2011) . Recently, GC-tandem MS (GC-MS/MS) and LC-MS/MS have been used for simultaneous quantification of plant hormones in red seaweeds (Yokoya et al. 2010; Wang et al. 2014) . These technical improvements enabled sensitive and high-throughput analysis of plant hormones in seaweeds. These analyses suggested the presence of phytohormones such as auxin, cytokinins, ABA, and ethylene in various kinds of seaweeds. However, the pathways for phytohormone biosynthesis in seaweeds have not been fully addressed by survey for genes encoding enzymes involved in phytohormone biosynthesis, except for auxin biosynthetic pathways in the brown seaweed Ectocarpus siliculosus (Le Bail et al. 2010) .
Toward functional analysis of plant hormones in red seaweeds, we here improved a simultaneous profiling method for plant hormones using LC-ESI-MS/MS in the Bangiophycean algae, Pyropia yezoensis, and Bangia fuscopurpurea, that arose very early in evolution of Plantae. In addition, since molecular biological bases of metabolism and response of phytohormones in red seaweeds are still missing, we performed extensive genome-wide surveys for genes involved in biosynthesis and signal transduction of plant hormones using the genome sequence of P. yezoensis (Nakamura et al. 2013 ) and expression sequence tag (EST) information for Porphyra umbilicalis and Porphyra purpurea (Chan et al. 2012a; Stiller et al. 2012) . Our results clearly indicated the presence of plant hormones in Bangiophycean algae; however, the genome-wide survey revealed likely differences in action modes of plant hormones between red seaweeds and terrestrial plants.
Materials and methods
Algal strains and culture conditions Gametophytes and sporophytes of culture strains of P. yezoensis strain U51 were kindly provided by the Marine Resources Research Center of Aichi Fisheries Research Institute, and gametophytes of B. fuscopurpurea were originally collected at Esashi, Hokkaido, Japan on May 14, 2010 (Hirata et al. 2011) . These strains were grown in ESL medium (Kitade et al. 2002) at 15°C under irradiation of 70 μmol photons m −2 s −1
provided by cool white fluorescent lamps with a photoperiod of 10 h light/14 h dark. The medium was bubbled continuously with filter-sterilized air and changed weekly.
Quantification of phytohormones Fresh laboratory-cultured seaweed was harvested, lyophilized, and ground in a mortar in liquid nitrogen. Approximately 50 mg (dry weight) of precisely weighed algal body was used for each extraction, unless otherwise indicated. Extraction solvent mixture (4 mL) consisted of 80 % (v/v) acetonitrile and 1 % (v/v) acetic acid containing internal standards as described below was added into the mortar to suspend powdered samples. Viscosity of the buffer increased transiently and then substantially decreased during incubation at 4°C for 1 h. After a centrifugation at 3000×g for 10 min at 4°C, the supernatant of extracts were collected. The pellet was rinsed with 80 % acetonitrile containing 1 % acetic acid, followed by a centrifugation at 3000×g for 10 min at 4°C. Supernatants were merged and successively pre-treated as described by Tokuda et al. (2013) . In brief, the supernatants were evaporated to water containing 1 % acetic acid and applied to Oasis HLB 1 cc (30 mg) extraction cartridge (Waters Corporation, Milford, MA, USA) equilibrated with 1 % acetic acid. After washing with 1 mL of 1 % acetic acid, hormones were eluted with 2 mL of 80 % acetonitrile containing 1 % acetic acid. Acetonitrile in the eluate was evaporated with centrifugal evaporator to remain water, acidified with 1 % acetic acid, and then applied to Oasis MCX 1 cc extraction cartridge (30 mg, Waters) equilibrated with 1 % acetic acid. After washing the cartridge with 1 mL of 1 % acetic acid, the acidic fraction containing GA 1 , GA 4 , IAA, ABA, JA, A-Ile, and SA was eluted with 2 mL of 80 % acetonitrile containing 1 % acetic acid. Two hundred microliters of the fraction were evaporated to dryness and reconstituted in 50 μL of 1 % acetic acid for analysis of SA. The MCX cartridge was successively washed with 1 mL of 5 % (v/v) ammonia in water, and basic fraction containing trans-zeatin (tZ), dihydrozeatin (DHZ), and N
6
-(Δ 2 -isopentenyl)adenine (iP) was eluted with 40 % acetonitrile containing 5 % ammonia. The basic fraction was evaporated to dryness and reconstituted in 1 % acetic acid for analysis of tZ, DHZ, and iP. The acidic fraction was further applied to Oasis WAX 1 cc (30 mg) extraction cartridge (Waters) equilibrated with 1 % acetic acid following to evaporation of acetonitrile. After washing with 1 mL of 1 % acetic acid, GA 1 , GA 4 , IAA, ABA, JA, and JA-Ile were eluted with 2 mL of 80 % acetonitrile containing 1 % acetic acid. The eluates were evaporated to dryness and reconstituted in 1 % acetic acid and subjected to analysis of GA 1 , GA 4 , IAA, ABA, JA, and JAIle. Stable isotope-labeled compounds used as internal standards were D 2 -IAA, Table S1 . GA 1 , GA 4 , IAA, ABA, JA, and JA-Ile were examined with LC method no. 1, while LC method no. 2 was applied for tZ, DHZ, and iP. SA was analyzed using LC method no. 3. Detailed information of internal standards is summarized in Table S2 . Hormones were analyzed with an LC-ESI-MS/MS system (Agilent 1260-6410) equipped with a ZOBRAX Eclipse XDB-C18 column and XDB-C8 Guard column, and peak areas were determined using MassHunter Workstation software (ver. B.04.00, Agilent Technologies Inc.).
Identification of putative genes involved in biosynthesis and signal transduction of plant hormones Genes of Arabidopsis thaliana and Cyanidioschyzon merolae involved in biosynthesis and signal transduction of plant hormones were used as queries for homology searching via BLAST in the web sites for P. yezoensis ESTs (http://est.kazusa.or.jp/en/ plant/porphyra/EST/) and ESTs of P. purpurea and P. umbilicalis (NiroBLAST: http://dbdata.rutgers.edu/nori/). In addition, P. yezoensis genome information from Nakamura et al. (2013) was also searched. Since contigs of ESTs encoding candidates from red seaweeds are usually not fulllength, protein domain analysis and sequence alignment were also performed. Conserved domains of their products were identified by CD search in the NCBI web site (http://www. ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and amino acid sequences were aligned by CLUSTALW (http://www. genome.jp/tools/clustalw/) with homologues identified or annotated previously. These results were confirmed by reverse BLAST search performed with identified EST or contigs as queries (data not shown).
Results
Applicability of the method established in terrestrial plants for analyzing IAA contents in P. yezoensis
The first step of our plant hormone analysis in red seaweeds was to test the applicability of methods established for terrestrial plants. Thus, we applied the high-throughput and comprehensive analysis method using LC-ESI-MS/MS established by Tokuda et al. (2013) for examination of P. yezoensis sporophytes. This method can identify IAA, cytokinins (iP, tZ and DHZ), ABA, gibberellins (GA1 and GA4), JA, JA-Ile, and SA from a specimen with internal stan-
C 6 -JA-Ile, and D 6 -SA. Additionally, we utilize D 3 -DHZ as the internal standard for DHZ in this study.
The presence of IAA, iP, ABA, and SA was confirmed, whereas tZ, gibberellins, and JAs were not detected (Fig. 1) . DHZ also was not detectable (data not shown). Although tiny peaks for tZ and JA were observed in chromatograms, these peaks did not reflect the presence of endogenous tZ and JA in the sporophytes but rather contamination of unlabeled compounds in the internal standards. The proportion of contamination of unlabeled compounds in D 2 -JA and D 5 -tZ were determined to be 1.38 and 0.023 %, respectively, by LC-MS/MS analysis (data not shown), and the areas of these tiny peaks were comparable to the amount of unlabeled contaminants (Fig. 1) . Areas in elution profiles showing ABA and SA peaks were not reproducible in independent examinations, and their trace amounts prevented quantitative detection. Based on these results, we propose that the method by Tokuda et al. (2013) is applicable for analysis of IAA and iP in sporophytes of P. yezoensis, although it is necessary to improve methods for quantitative determination of ABA and SA.
Unexpected presence of an intracellular factor preventing IAA profiling
We observed that areas of IAA and D 2 -IAA in chromatograms increased in parallel with the changes in volume of P. yezoensis sporophytes (Fig. 2a) , whereas areas of D 6 -iP were roughly equal despite variation of the volume of starting material (Fig. 2b) . We initially suspected that the efficacy of extraction solvent was suboptimum for IAA for some reason. Therefore, we tried modifying the extraction method to improve recovery and achieve an optimum extraction, in case the imperfect extraction was the underlying reason for the non-linear quantification compared with the amount of the starting material. Phytohormones were successively extracted from ground samples in 80 % acetonitrile containing 1 % acetic acid, 80 % methanol containing 1 % acetic acid, 80 % acetone containing 1 % acetic acid, and chloroform/methanol (1:1) containing 1 % acetic acid. Each fraction was examined by LC-MS/MS. The multiple reaction monitoring (MRM) chromatogram of mass-tocharge ratio (m/z) of 176>130 corresponding to IAA was mostly extracted at the first extraction step (80 % acetonitrile containing 1 % acetic acid) and fully extracted by the second step (80 % methanol containing 1 % acetic acid, Fig. S1 lower). However, the MRM chromatogram of m/z 178>132 was detected in all extraction steps (Fig. S1 upper) , indicating the presence of an unidentified substance whose MRM transition matched and retention time was similar with those of D 2 -IAA. This unidentified substance showed completely different extractability compared to IAA. These findings led us to assume that detection of D 2 -IAA was hampered by an endogenous factor(s) whose amounts increased in parallel with increases in weight of algal samples. To test the possibility that the D 2 -IAA internal control prevents quantitative detection of endogenous IAA, the acetonitrile extracts were subjected to solid-phase extraction and LC-MS/MS analysis without addition of D 2 -IAA. When m/z 176>130 was monitored, which is the most abundant ion, endogenous IAA was clearly detected (Fig. 3a) . When the MRM to monitor D 2 -IAA (m/z 178>132) was used, a large peak with a retention time that overlapped with that of the peak for D 2 -IAA was observed even without an addition of D 2 -IAA (Fig. 3b) . A substance derived from cellular extracts of P. yezoensis apparently prevented quantitative analysis of D 2 -IAA. Therefore, we concluded that quantification of IAA utilizing D 2 -IAA as the internal standard is not feasible in P. yezoensis, indicating the limitation in application of the method of Tokuda et al. (2013) to this seaweed.
To avoid the effect of this unidentified substance, which was found at m/z 178>132, we instead analyzed a minor fragment ion derived from IAA and D 2 -IAA (MRM m/z 176>103 and 178>105, respectively; fragmentor voltage 90 V, collision energy 34 V, ESI mode positive). As a result, we successfully avoided the substance that hampered quantification of the D 2 -IAA and endogenous IAA; however, the sensitivity was reduced ca 10-fold (data not shown). Thus, this method was not effective for quantification of the trace amounts of IAA in P. yezoensis.
We next tested two other commercially available isotopelabeled internal standards: D 5 -IAA and D 7 -IAA. We first monitored for substances that might hamper the analysis in algal extracts without addition of internal standard. As shown in Fig. 3c , we observed an endogenous substance of which retention time overlapped with IAA, and thus, it was deduced to interfere the detection of D 5 -IAA (compare Fig. 3a, c) . By contrast, when m/z 183>137 was monitored, which is for D 7 -IAA, no peak overlapping with endogenous IAA was observed (Fig. 3d) . Fragment ions derived from the purchased D 7 -IAA were further analyzed to ensure their suitability as the internal standards. As shown in Fig. S2 , three fragment ions derived from D 7 -IAA were detected (m/z 183>137, 136, 135) and none of these were supposedly interfered with substances in the algal extracts. Using D 7 -IAA, therefore, we can accurately quantify endogenous IAA.
Taken together, these results indicate that the sensitive and comprehensive analysis method for IAA, iP, tZ, gibberellins, and JAs was successfully developed for sporophytes of P. yezoensis.
Applicability of the new method to gametophytes of Bangiophyceae
We next tested whether our method was applicable to gametophytes of P. yezoensis in addition to sporophytes mentioned above. Preparation of algal extracts and separation of plant hormones were performed according to our method for sporophytes. IAA, iP, ABA, and SA were present, whereas tZ, DHZ, gibberellins, and JAs were not detected (Table 1) . In addition, quantitative detection of ABA and SA was similarly prevented in gametophytes. These results clearly demonstrated that in P. yezoensis, plant hormone composition of gametophytes was essentially the same as that in sporophytes. When gametophytes of B. fuscopurpurea were used as starting materials, the similar results were obtained (Table 1) . Thus, the method established for the sporophyte of P. yezoensis is applicable to gametophytes of bangiophycean algae. The results of quantification of phytohormones in P. yezoensis and B. fuscopurpurea are summarized in Table 1 . IAA content was very high in both gametophytes and sporophytes of P. yezoensis compared to gametophytes of B. fuscopurpurea. These findings suggest a functional significance of IAA in gametophyte and sporophyte generations in P. yezoensis, although it is necessary to confirm this possibility by biological approaches.
Genome-wide survey of genes involved in biosynthesis and signal transduction of plant hormones in red seaweeds
The presence of IAA, iP, ABA, and SA led us to consider whether red seaweed genomes have homologues of genes involved in biosynthetic pathways and signal transduction systems of these plant hormones in other species. Accordingly, we performed genome-wide surveys for genes potentially involved in these processes in Bangiophysidae species for which nuclear genomes have been sequenced or large-scale EST information has been produced (Chan et al. 2012a; Chan et al. 2012b; Nakamura et al. 2013; Stiller et al. 2012) . We identified some genes predicted to be involved in biosynthesis of iP and ABA (Table S3) , although there was no homologue of IAA and SA biosynthetic genes. Remarkably, we found no genes encoding proteins similar to known factors involved in signal transduction of IAA, iP, ABA, and SA.
We identified ESTs encoding a cytokinin riboside 5′-monophosphate phosphoribohydrolase (LOG) homologue in P. purpurea and P. umbilicalis (Fig. S3) . LOG catalyzes the final step of cytokinin biosynthesis by conversion of iP nucleotide and tZ nucleotide to cytokinin molecules (Sakakibara 2006 ). We could not find a homologue of cytochrome P450 mono-oxygenase (CYP735A), which is involved in production of tZ nucleotide from iP nucleotide (data not shown).
The precursors of ABA are carotenoids such as violaxanthin and neoxanthin (Nambara and Marion-Poll 2005; Mikami and Hosokawa 2013 ). However, the major carotenoid in red seaweeds is zeaxanthin, and whether violaxanthin and neoxanthin are produced from zeaxanthin in red seaweeds is unknown (Mikami and Hosokawa 2013) . The presence of ABA was therefore unexpected, although endogenous ABA has been already detected in various kinds of red seaweeds (Yokoya et al. 2010; Wang et al. 2014) . Surprisingly, we found genes encoding zeaxanthin epimerase predicted to catalyze production of violaxanthin from zeaxanthin in P. yezoensis as well as P. purpurea and P. umbilicalis (Figs. 4 and S4) . In addition, genes encoding 9-cis-epoxycarotenoid dioxygenase (NCED), xanthoxin dehydrogenase (XanDH, also known as ABA2), and abscisic aldehyde oxidase (AAO3) involved in ABA biosynthesis from carotenoids (Nambara and Marion-Poll 2005) were found in P. purpurea and P. umbilicalis (Figs. 4 and S5-S7 ). Moreover, a XanDH homologue was also found in P. yezoensis (Figs. 4 and S6 ). These findings strongly support the presence of an ABA biosynthetic pathway in Bangiophycean algae, which is consistent with our detection of ABA in red seaweed (Fig. 1) .
Discussion
In this work, the system for highly sensitive and simultaneous profiling of plant hormones by LC-ESI-MS/MS established for territorial plants was modified and adapted for analysis of plant hormones in red seaweeds by optimization of stable isotope-labeled internal standards. This modified method was fully applicable to P. yezoensis and B. fuscopurpurea and identified IAA, iP, ABA, and SA in these algae as conserved plant hormones. Moreover, identification of genes homologous to known genes involved in biosynthesis of iP and ABA in other plants supports the profiling results. Among the methodological modifications, employing D 7 -IAA as the internal control was a key element to quantify IAA in red seaweeds. Our results revealed the unsuitability of D 2 -IAA and D 5 -IAA as internal standards, because they may lead to underestimation of IAA contents, due to an unidentified cellular factor showing a similar ion signal to those potential internal controls. In the previous reports, A LC-MS/MS approach somewhat similar to ours was recently reported for high-throughput analysis of hormones in the red seaweed Pyropia haitanensis (Wang et al. 2014) . In this report, they utilized external standards instead of internal standards for quantification. An external standard method has intrinsic drawbacks, such as extraction efficiency and ionization efficiency between materials. The internal standard method yields better precision and more accurate quantification data than an external standard method.
Although quantitative detection of ABA was not successful in the present study, the finding of a complete set of genes required for production of ABA from zeaxanthin ( Fig. 4 ; Table S3 ) strongly supports the presence of ABA in Bangiophyceae. ABA may be biosynthesized only under a certain environmental conditions, a factor that we did not test in this study. Despite the presence of enzymes involved in ABA biosynthesis, there were no homologues for ABA receptors, PYR/PYL/RCAR proteins (Cutler et al. 2010; Klingler et al. 2010 ) (data not shown), suggesting the presence of an unknown mode of ABA action in red seaweeds. In fact, it is generally thought that the carotenoid biosynthetic pathway stops at zeaxanthin in red seaweeds (Schubert et al. 2006; Esteban et al. 2009; for review, Mikami and Hosokawa 2013) . Therefore, confirmation of the biological significance of the putative ABA biosynthetic genes found in the present study will require chemical identification of violaxanthin and neoxanthin in red seaweeds and functional characterization of these genes.
It is worth noting that we did not find any gene for violaxanthin de-epoxidase (VED) in red seaweeds as described by Yang et al. (2014) in P. umbilicalis. Thus, it remains an outstanding question whether Bangiophyceae have the violaxanthin cycle that is involved in the light-regulated switching of photosystem II from a light-harvesting state to an energy-dissipating state (Jahns and Holzwarth 2012) . Since The ABA biosynthetic pathway is shown, with red seaweed species in which genes encoding corresponding enzymes were identified listed to right in red. Zeaxanthin epimerase (ZEP), 9-cis-epoxycarotenoid dioxygenase (NCED), xanthoxin dehydrogenase (XanDH), and abscisic aldehyde oxygenase (AAO3) homologues were identified in red seaweeds, suggesting the presence of an ABA biosynthetic pathway similar to that in terrestrial plants (Nambara and Marion-Poll 2005) and thus endogenous ABA in these organisms. Since enzymes involved in production of cis-isomer of violaxanthin and neoxanthin are unknown, homology searches for these enzymes were not performed. Biosynthesis of zeaxanthin in red seaweeds is described in Mikami and Hosokawa (2013) the violaxanthin cycle is important to acclimate to light conditions, it is necessary to confirm the absence of VED for further understanding of properties of photosynthesis in Bangiophyceae.
Cytokinins like iP, tZ, and DHZ are biosynthesized from d i m e t h y l a l l y l d i p h o s p h a t e ( D M A P P ) f r o m t h e methylerythritol phosphate (MEP) pathway, whereas DMAPP derived from the mevalonate (MVA) pathway is catalyzed to cis-zeatin (cZ) (Sakakibara 2006) . The MEP pathway-derived DMAPP is converted to iP nucleotide with adenine phosphate-isopentenyltransferase (IPT) and then to tZ nucleotide with CYP735A, following a conversion of iP and tZ nucleotides to cytokinins with LOG (Sakakibara 2006) . Despite the presence of LOG (Fig. S3) , neither CYP735A nor IPT homologues were found in Bangiophyceae (Table S3 ), suggesting a possibility that iP is biosynthesized in vivo as a unique cytokinin in Bangiophysiae. Although it would be consistent with our results showing the absence of tZ-and DHZ-type cytokinins (Figs. 1 and 2, Table 1), further survey is necessary to confirm the presence of tZ and DHZ depending on the MEP pathway. In fact, LOG is also involved in biosynthesis of cZ-type cytokinin in the MVA pathway (Sakakibara 2006) . Since cZ was not analyzed in the present study, the presence of cZ and the MVA pathway for cytokinin biosynthesis should be confirmed in bangiophycean algae. The unique presence of iP in Bangiophyceae ( Fig. 1 and Table 1 ) is inconsistent with the previous reports showing the presence of isopentel (iP and tZ) and aromatic cytokinins in various kinds of red seaweeds (Zhang et al. 1993; Stirk et al. 2003) . Further analysis of endogenous cytokinins and genes related to cytokinin biosynthesis are therefore necessary. Moreover, since iP has a weak effect as cytokinin in terrestrial plants (van Staden and Drewes 1991) , it will be interesting to elucidate why Bangiophyceae have only iP as cytokinin and how iP acts as a regulator of cellular processes.
In terrestrial plants, cytokinins are perceived by the histidine kinases AHK2, AHK3, and CRE1/AHK4 (To and Kieber 2008) . It is clear that red seaweed nuclear genomes have no genes encoding these histidine kinases, and thus, the action mode of cytokinin is proposed to differ in red seaweeds and in terrestrial plants, suggesting differences in receptor and cytokinin-dependent gene expression systems. In fact, plastid genomes of Bangiophyceae carry a gene encoding the histidine kinase Ycf26 (Puthiyaveetil and Allen 2009; Tanaka 2011) . It has been established that in the cyanobacterium Synechocyctis sp. 6803, a Ycf26 designated Hik33 is involved in the perception of cold and hyperosmotic stresses (Mikami et al. 2002; Mikami and Murata 2003) . Thus, there is a possibility that plastidial Ycf26 of red seaweeds also plays a role in environmental stress perception; however, it remains unknown whether it functions as a cytokinin receptor.
Another obvious finding is the lack of gene homologues encoding auxin signal transduction components such as TIR1, ABP1, IBR5, Aux/IAA, and ARF and auxin transporters PIN and AUX1 in Bangiophyceae (data not shown), which is consistent with observations in the brown seaweed Ectocarpus siliculosus (Le Bail et al. 2010) , the unicellular red alga C. merolae, and the green algae Chlamydomonas reinhardtii and Volvox carteri (Lau et al. 2009; De Smet et al. 2011) . Therefore, algae seem to have novel molecular mechanisms for perception and intracellular signaling of IAA, different from the signal transduction systems elucidated in terrestrial plants. Confirmation of these possibilities could provide new insights into the regulation of physiological processes by IAA in plants.
In summary, our study identifies IAA, iP, ABA, and SA as conserved plant hormones in red seaweeds with improved comprehensive analytical methods. In addition, it is clear that seaweeds largely lack factors involved in signal transduction of plant hormones. These findings unambiguously demonstrate endogenous production of these hormones and also strongly suggest the presence of novel systems for activation of plant hormone-dependent physiological regulations in seaweeds. Therefore, quantitative profiling of plant hormones in development and environmental stress responses and approaches to identify molecules involved in signal transduction of IAA, iP, ABA and SA in Bangiophyceae through genomic studies are highly important to understand origin and diversity of modes of action of plant hormones.
